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SIJRIIILIAIIY 
Tho anisotropic friction, dcforni:ttion, and fracture of the { 0001) , (1010 }, :ind 
{ 1120 } silicon carbide surfaces were investigated. Sliding friction experiments w e r e  
concluctcd with a diamond rider sliding on the { 0001) surEncc in the ( 1070) :md ( 1150) 
directions, on the { l0iO } surface in the (0001) and (11%)) directions, and on the 
{ I l k  } surface in the (0001) and (1070) directions. The experiments were conducted 
with loads of 0 .1 ,  0 , % ,  and 0 .  3 newton, at a sliding velocity of 3 millimeters pe r  min-  
ute both i n  mineral oil and in dry argon at room temperature. The silicon carbide was 
subjected to s i n g l e p a s s  sliding and the sliding distance w a s  1 t o  2 millimeters. 
friction nnd the greatest  resistance to abrasion for  silicon carbide. 
friction :md deformation of the { 0001 } , 
a r e  prini:irily controllctl by the sl ip system { i o i o  } ( 11-S0> . 
during sliding on the basal { 0001) plane is due to surfacc cracking along { l O i O }  :ind 
subsurfiicc cracking along { 0001 } . 
( 1130 } surfaces i s  due to surface cracking along (0001 } :mtl { 11%) } o r  { 1070 } , : m l  
subsurface cracking along { 10 10 } . 
The ( l 0 i 0 )  direction on the basal { 0001 } plane exhibits the lowest coefficicnt ol' 
[ 1070 } ,  'and { 1130 } silicon carbide s u r f x e s  
The misotropic 
'fie misotropic €r:icturc 
The fracture during sliding on the { l 0 i 0  } and 
- 
Silicon carbide i s  used in thousantls of industrial grinding opcrations tod:iy. More- 
over, it i s  expected to  be one of the future's most desirable matcritils €or such uses  as 
grinding wheels; turbine blades, vnncs, m d  shrouds in gas turbine engines; : ~ n d  first- 
wall materials in controlled thermonuclear reactors.  
The present authors have conducted a series of experimental studies to determine 
One of the the tribophysical properties of single-crystal silicon carbide (refs. 1 to  6) .  
examinations of single- crystal  silicon carbide in sliding contact with a diamond r ide r  
revealed that the friction, deformation, and fracture  of the silicon carbide { 0001 } 
surface depends on the crystallographic orientation and that the anisotropies are pri- 
marily controlled by the sl ip system { lOi0 } ( 1150) and cleavages of { 10x0 } and 
{ 0001) (ref. 1). It would be of further interest  to know the friction, deformation, and 
fracture  behavior of the silicon carbide { 1070 } and { 1120) surfaces. 
fluence of crystallographic orientation on the friction, deformation, and fracture  be- 
havior of silicon carbide may assist us  in improving its abrasion-resistance. 
Knowing the in- 
The 
wear of abrasives such as silicon carbide occurs in such operations as  grinding, and it 
is higbly desirable to minimize this wear. 
In the study discussed herein the friction, deformation, and fracture behavior of 
single-crystal silicon carbide { 0001 } , { lOi0 } , and { 1130 } surfaces in contact with 
a diamond rider were examined. 
these properties were also examined. 
The orientation of silicon carbide and its effect on 
MATERIALS 
The single-crystal silicon carbide platelets used in these experiments were of a 
99.9-percent pure compound of silicon and carbon. 
close-packed crystal structure with the most commonly occurring unit cell dimensions 
of a = 3.0817 1 and c = 15.1183 A (table I). 
cleavage planes of single- crystal silicon carbide have been reported and are  presented 
in table I (refs. 7 to 13). 
Diamond, the hardest known ma- 
terial (ref. 14), indents silicon carbide without itself suffering permanent deformation. 
Its elastic constants are also very high. The Young's modulus of silicon carbide, is 
5 5 about 4 . 5 ~ 1 0 ~  pascals (ref. 15), while that of diamond lies between 7x10 and 10x10 
pascals (ref. 16). 
Silicon carbide has a hexagonal 
The hardness data, slip systems, and 
The diamonds were commercially purchased. 
APPARATUS 
The apparatus used in this investigation was a system capable of applying load and 
measuring friction in mineral oil and in argon at atmospheric pressure. 
anism for measuring friction is shown schematically in figure 1. 
one flat, which has been machined normal to the direction of friction application. 
end of the rod contains the diamond rider. 
on a pan on top of the rod. 
gages. 
The mech- 
The beam contains 
The 
The load is applied by placing dead weights 
Under an applied load the friction force is sensed by strain 
EXPERIMENTAL PROCEDURE 
The single- crystal silicon carbide surfaces were mechanically polished with 
3-micrometer diamond powder and then 1-micrometer aluminum oxide (A1203) powder. - 
The silicon carbide flat specimen surfaces were oriented such that the { 0001 } , { 1010 } , 
o r  { 1120) plane was nearly parallel to the sliding interface (see fig. 2). The orienta- 
2 
tions of the silicon carbide { 0001) and the other two planes are to an accuracy &2O. 
The diamond riders were approximately conical (as shown in fig. 3). However, the 
tip of rider is a four-sided regular pyramid, having round edges and a round apex. The 
apical angle was about 120°, and the radius of curvature at the apex was less than 
5 micrometers. The riders were polished with A1203 powder before each friction ex- 
periment. Both the silicon carbide and diamond surfaces were rinsed with water and 
200-proof ethyl alcohol before use. The single-pass friction experiments were con- 
ducted with a total sliding distance of 1 to 2 millimeters at a sliding velocity of 3 milli- 
meters per minute. They were conducted in degassed mineral oil and in dry argon at 
atmospheric pressure and room temperature. Typical properties of the mineral oil 
appear in table II. 
The sliding reported herein involved mostly plastic flow and local surface cracking 
in silicon carbide., In the present experiments, the contact area of the rider sliding on 
silicon carbide at loads of 0.1, 0.2, and 0.3 newton is approximately the portion of 
round apex of the rider. Therefore, the widths of the permanent grooves D, as defined 
in figure 4, were obtained by averaging measurements of 20 samples from 7 to 10 
scanning electron micrographs. The specimen surfaces are the correct distance from 
the beam pivot point in the scanning electron microscope. The accelerating voltage was 
18 kilovolts. A 1000-mesh gold grid was used as the standard. 
W is the applied normal load and A is the horizontal projected area of contact and is 
given by A = TD /8 (only the front half of the rider is in contact with the flat specimen). 
The friction traces presented herein a re  primarily characterized by a continuous, 
marked stick-slip behavior. The coefficient of friction is the average, maximum peak 
height in the friction trace. 
The contact pressure P during sliding may then be defined by P = W/A, where 
2 
RESULTS AND DISCUSSION 
Anisotropic Friction and Deformation 
Sliding friction experiments were conducted with a diamond rider in contact with 
flat silicon carbide { OOOl}, { lOi0 }, and { 1120) surfaces in mineral oil at atmo- 
spheric pressure. 
Surface cracking will be discussed in succeeding sections. 
plastically deformed groove and small wear  debris particles which were generated dur- 
ing sliding of the rider. 
figure 6.  
The sliding generally involves plastic flow and surface cracking. 
Figure 5 reveals a typical 
The basic concept of deformation of silicon carbide is expressed in the scheme of 
Below the rider the material behaves as an outwardly expanding coreT1 
3 
exerting a uniform hydrostatic pressure on its surroundings. The core is an ideally 
plastic region within which full plastic yielding occurs. Beyond the plastic yielding lies 
the elastic '' matrix. r f  At the elastic-plastic boundary elastic and plastic strains a re  of 
comparable magnitude. 
formation to a fully plastic state. 
The coefficient of friction and the width of the permanent groove, involving plastic 
flow and surface cracking, were measured as functions of crystallographic direction of 
sliding on the { O O O l ) ,  { l O i O ) ,  and { 1lZO) planes of silicon carbide for the diamond 
rider in mineral oil. The widths of the permanent grooves were obtained by average 
measurements of 20 samples from 7 to 10 scanning electron micrographs. 
presented in figure 7 indicate that the coefficient of friction and the groove width a re  
influenced by the crystallographic orientation. 
(0001) plane has the larger groove, primarily resulting from plastic flow and is the 
direction of high friction for this plane (ref. 1). The (000 1) directions on the { l o r0  } 
and { 1130) planes have the greater groove width and are the directions of high friction 
when compared with (1120) on { lOi0 } and (1070) on the { 1120 } . The anisotropies of 
friction are p(ll~O)/p(lOiO) = 1 . 2  on { O O O l } ,  p(OOOl)/p(ll~O) = 1 . 3 o n  { l O i O } ,  and 
p (0001) / p  (1070) = 1.3 on { 1120 } . 
widths of the permanent grooves with repeated experiments were about 5 percent of 
those indicated in the figure. 
Figure 8 represents the contact pressure calculated from the data of the groove 
width in figure 7 and the Knoop hardness obtained by Shaffer (ref. 9). 
of the contact pressure during sliding and the Knoop hardness clearly correlate with 
each other. 
Several slip systems have been observed in hexagonal silicon carbide, such as 
{ O O O l )  (1150) , { 3301) ( 1 1 ~ 0 )  , and { 1 O i O )  (1150) (refs. 10 and 11). The present 
authors have already shown that the { 1070 } (1150) slip system observed on the sliding 
surface was responsible for the anisotropic friction and deformation behavior of silicon 
carbide during sliding in the (1010) and ( 1120) directions on a { 0001) silicon carbide 
surface. The experimental results (ref. 1) generally agreed with Daniel and Dunn's 
(ref. 17) resolved shear s t ress  analysis based on the slip system { l O i 0 )  (1120) . 
The minima and maxima of the resolved shear stress for the { 0001) plane of hexa- 
gonal crystal match the hard and soft directions on that plane, that is, the (lOi0) and 
( 1120) directions, respectively. 
Brookes, O'Neill, and Redfern's (ref. 11) resolved shear s t ress  analysis based on the 
{ 0001 } (11%)) slip system. Thus, the anisotropics of friction and hardness on the 
{ 0001 } plane strongly correlate with the resolved shear stress,  based on the slip 
system { i o i o  1 (1120). 
The mean pressure increases from the onset of plastic de- 
The results 
The (1150) direction on the basal 
The standard deviations in the friction and in the 
The anisotropies 
- 
But the experimental results could not explain 
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The anisotropies of friction, contact pressure (groove width), and Knoop hardness 
on the { lOi0 } and { 1150 } planes were correlated with reference 17's resolved shear 
stress based on the { 1 O i O )  (0001) and { 1070 } (1150) slip systems. They were also 
correlated with reference 11's resolved shear stress based on the { 1310 } ( 1 O i O )  slip 
system. 
{ 1010) (1150) slip system, may be responsible for those anisotropies on the { 1 O i O )  
and { 1120 } planes. 
surfaces have been reported by French and Thomas (ref. 18) who used a resolved 
shear-stress calculation involving the { lOi0) (0001) and { l O i 0 )  (1150) slip systems 
to explain the data. 
hardness on the { 0001 } , { lOi0 }, and { 1150) planes of silicon carbide are primarily 
controlled by the slip system { 1 O i O )  (1150) . 
exhibit the lowest coefficient of friction and greatest resistance to abrasion resulting 
from plastic deformation. 
However, the slip system actually observed in hexagonal silicon carbide, the 
Similar data for Knoop hardness anisotropy of tungsten carbide { 0001) and { 1010) 
Thus, the anisotropies of friction, contact pressure, and Knoop 
Figures 7 and 8 suggest that the (lOi0) on the basal plane of silicon carbide would 
Influence of Environment on Friction 
Sliding friction experiments were conducted with a diamond rider in contact with a 
flat silicon carbide { 0001) surface in mineral oil and in dry argon at atmospheric 
pressure. Sliding generally involves plastic flow and surface cracking, as  already 
mentioned. The coefficients of friction were measured as functions of crystallographic 
orientation of sliding on the basal { 0001) plane of silicon carbide. 
measured at a load of 0 . 2  newton are  characterized by a continuous stick-slip behavior. 
Figure 9, which presents the coefficients of friction at the load of 0 . 2  newton, reveals 
that the coefficient of friction depends (1) on the environment and (2) on the crystallo- 
graphic orientation of silicon carbide. In an argon atmosphere, that is, in the condi- 
tion of dry friction, the coefficients of friction and anisotropy of friction (K{ 0001) = 
p (1150) / p  (lOi0) ) are higher than in mineral oil. 
firmed that the surface cracking during sliding of the rider in argon was generally 
much greater than that in oil. 
The use of oil, which minimizes the shear strength at the interface, influences the 
coefficient of friction, anisotropy of friction, and surface cracking. 
All  friction traces 
Observation of the wear track con- 
The friction is due to shearing at the interface and plowing of bulk silicon carbide. 
Anisotropic Fracture 
As mentioned in the previous sections, the sliding of the diamond rider produces 
both plastic deformation and cracking or fracture in silicon carbide. 
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The surface crack patterns surrounding the permanent grooves made by rider 
were of three types, as schematically indicated by P, S, and L in figure 10. Crack 
P i s  very small, is in the groove, and propagates perpendicular to the sliding di- 
rection. Crack S i s  primarily on both sides of the groove and propagates outward 
from the groove. Crack L propagates parallel to the sliding direction, that is, along 
the sliding direction in the central portion of the groove. The geometries of cracks P 
and L a re  generally independent of the crystallographic orientation. As  cracks L 
a re  mostly covered with a plastic deformed layer, they cannot be observed without 
etching o r  cross-sectioning the groove. 
From reference 19 the initiation of each crack and the crack geometry may be 
determined by the maxima in tensile stresses in the contact zone o r  surrounding groove. 
It seems reasonable that cracks will tend to initiate at one of these favored locations. 
Surface cracks S start  from maxima tensile s t ress  fields (ref. 19). However, the 
propagttion of these cracks depends on the crystallographic orientation. 
All  surface cracks propagate in the subsurface, as schematically indicated in fig- 
ures IO@) and (c), which summarize lateral and longitudinal cross-sectional views of 
the groove. 
surface and straight downward (at a nearly right angle to the specimen surface). 
These cracks continue to extend out of the primary plane. 
crack diversion will occur along a weak plane in silicon carbide (e. g., the basal or 
prismatic plane). Thus, subsurface crack growth may occur by secondary fracture 
mechanisms. 
Figures l l (a )  and (b), lateral cross-section views through a groove in silicon 
In the lateral cross section, the cracks S and L appear to propagate in the sub- 
In some instances, however, 
carbide, tend to confirm our speculations on the geometries of the cracks. Crack L 
has grown straight downward along the contact axis of the rider underneath the groove. 
Figure Il(b) also indicates that crack S has grown straight downward (primary crack) 
and that the tip of crack under the surface becomes curved and propagates along the 
secondary weak plane (secondary crack B), that is, the basal plane. 
propagates parallel to the sliding interface of the specimen. 
subsurface. Cracks P curve during crack propagation as do cracks L and S. The 
tips of the cracks propagate along the secondary weak plane, that is, the basal plane 
parallel to the sliding surface of the specimen. 
tudinal cross-sectional views through a groove of silicon carbide. They confirm our 
speculations on the geometries of cracks P, S, and secondary crack B. The crack S 
has grown straight downward, and the tips of the cracks have curved and propagated 
along the basal plane (fig. ll(a)). Figure 12@) also shows the result of cracks P and 
The crack then 
In the longitudinal cross-section view (fig. lO(c)), crack P appears to propagate ~ 
Figures 12(a) and (b) are  the longi- 
the secondary cracks B being generated, propagating, and then intersecting - the 
cause of the fracturing of the silicon carbide surface. 
directions on the { 0001) surface was primarily due to surface cracking of the { 1070 } 
plane and subsurface cracking of the { 0001) plane (ref. 1). 
carbide { 1070 } and { 1130 } surfaces generated by a single pass of the diamond rider. 
In figures 13 and 14 the rectangular area consists of a large crack with lodged wear 
debris, where the cracks were generated, propagated, and then intersected during 
sliding of the rider. 
tion. 
rections. 
along planes { 0001 } and { 1120 } o r  { l o i o }  , respectively. It is anticipated from fig- 
ures 12 and 13 that subsurface cracking also occurs underneath the lodged rectangular 
wear debris. 
The gross fracturing of silicon carbide during sliding in the (1010) and ( 1120) 
Figures 13 to 15 show scanning electron micrographs of the grooves on the silicon 
The cracking generally depends on the crystallographic orienta- 
The surface cracks propagate primarily in the (0001) and ( 1120) o r  (1010) di- 
The formations of these cracks are  due to the surface-cleavage cracking 
Figure 15 reveals a g o s s  fracture pit where the gross wear debris particle has 
already been ejected. 
surface cracking along primary cleavage planes { i o i o  } and { 0001 1 and subsurface 
cracking along { 1010) , a s  anticipated. 
cleavage planes { 10x0 } and { 0001 } . 
to the sliding surface. 
surfaces in various directions (such as (0001) , ( ioio) ,  o r  (1150) ) may be explained 
in terms of the fracture energy acting in the { i o i o } ,  { 1120 } , and { 0001) cleavage 
systems. 
The fracture pit reveals that the fracturing i s  the result of 
In the figure 15 sharp edges zig-zag along 
The bottom surface of the fracture pit i s  parallel 
Thus, again the fracture of silicon carbide during sliding on the { 1010) and { 1150) 
CONCLUSIONS 
The following conclusions are  drawn from this study of silicon carbide surfaces 
1. The ( lo io)  direction on the basal { 0001) plane of silicon carbide exhibits the 
2.  Anisotropic friction and deformation on the { 0001) , { 1010) , and { 1150) silicon 
3. The anisotropic fracture during sliding on the basal plane is due to surface 
after sliding contact with diamond: 
lowest coefficient of friction and the greatest resistance to abrasion. 
carbide surfaces are primarily controlled by the slip system { 1070 } (1130) . 
cracking along { lOi0 } and subsurface cracking along { 0001). 
sliding on the { i o i o }  and { 1150 } surfaces is due to surface cracking along { 0001) and 
{ 1120 } or  { lOi0 } and to subsurface cracking along { 10x0 } . 
The fracture during 
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4. The surface c rack  patterns surrounding plastic grooves are of three types. One 
The geometries of 
is characterized by a c rack  propagating perpendicular to the sliding direction. 
second is a crack propagating parallel to the sliding direction. 
these c racks  are generally independent of the crystallographic orientation and depend 
on the  maxima tensile stress fields. The third is a surface c rack  that propagates in. 
that is to say it is dependent on the  crystallographic orientation. 
5. All  surface c racks  extend from the pr imary  plane into the subsurface. In some 
cl-acks, however, diversion of the c rack  occurs  along weak cleavage planes i n  the sub- 
surface.  
The 
This diversion constitutes secondary f rac ture  growth in the subsurface. 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, May 16, 1979, 
506- 16. 
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TABLE I. - PROPERTIES OF SINGLE-CRYSTAL SILICON CARBIDE 
Slip Slip 
plane direction 
{OOOl} (1150) 
(ioio) 
{ioio} (0001) 
b(OOOl> 
{llzO} (0001) 
b(OOO1) 
- 
[ Crystal structure hexagonal close packed.] 
-_ - 
Knoop 
hardness 
numbera 
2917 
2954 
2129 
2755 
2391 
2755 
(a) Interatomic distance 
I distance, A I ratio, I 
-~ 
13.073 I 15.079 14.9069 LRef. -- 8 
(b) Hardness data (c) Slip and cleavage systems 
slip 
direction 
~ _ _  
( 1130) 
( 1120) 
g, (1120) 
-_ 
eRef. 11. 
fRef. 12. 
gRef. 13. 
TABLE 11. - NAPHTHENIC MINERAL 
OIL PROPERTIES" 
Viscosity, m 2 /sec (cS): 
At 38' C. . . . . .  73.4x10-6 (73.4) 
At 9' C .  . . . . .  8. 35x10-6 (8.35) 
At 16' C. . . . . . . . . . . .  0.880 
At 25' C. . . . . . . . . . . .  0.875 
Four point, OC . . . . . . . . . . .  -18 
Flashpoint, OC . . . . . . . . . . .  224 
Specific gravity: 
Cleavage 
plane 
{ lOT0 1. 
{ 0001 } 
g {  1120 } 
I 
aManufacturerf s analysis. 
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I motion 
I 
'=----Diamond 
iSilicon carbide 
specimen 
CD 1207926 w 
Figure 1. - Friction and wear apparatus. 
I00011 Basal plane 
111701 1 Plane 1 Prismatic ioio 1 
plane 
Figure 2 - Hexagonal crystal. 
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Figure 3. - A diamond rider in the form of four-sided 
regular pyramid. Apical angle, 120"; radius of 
apex, 5 pin. 
Friction . Load, W 
a =  D316d 
Groove <,' where  
D = groove width 
d = twice radius of '\\\,r 1  sliding curvature of 
direction r ider t ip  
A = 7rD218 w 
Figure 4. - Schematic diagram of r ider contact dur ing  
sliding. 
12 
t Sliding direction 
(a) Groove formed during s l id ing in (0001) direction on (11Bo) surface. 
(b) Groove formed during s l id ing in  (10iO)direction on (ll?O} surface. 
Figure 5. - Scanning electron micrographs of grooves on si l icon carbide (1170) surface. 
Load, 0.2 N; in  oil. 
13 
Load 
Rider 
Elastic-plastic boundary --*- Elastic matrix 
Figure 6. - Model for groove produced by rider. 
Sliding directions 
I00011 (ref. 1) { ioioi { 11201 *--.4r- 
la) Coefficient of friction. 
4 x g 3  
(b) Groove width. 
Figure 7 - Coefficients of f r ic t ion andgroove width anisotropiesfor 
diamond rider sliding on  (00011, {10101, and {UM! sil icon car- 
bide surfaces in  mineral oil. Load, 0.2 N. 
14 
8x10'- T-A-, 
N (1120) ; 
Perpendicular (ioio); 
to (OOO1) Perpendicular 
L 
U m 
c 0
n 4  
c 
c 
u 2  
(a) Contact pressure; load, 0.2 N. 
(b) K n w p  hardness (Shaffer. ref. 9); load, 1 N. 
Figure 8. - C_ontact pressure and K n w p  hardness anisotropies on 
(OOolI, (lolo), and (11201 silicon carbide surfaces. 
.5r Direction 
0 < ioio> 
I n  argon In oi l  
K(00011 = 1.3 K{00011 = 1.2 
Figure 9. - Frict ion anisotropy for diamond r ider 
sl iding on single-crystal si l icon carbide KO31} 
surface in argon and in o i l  at atmospheric pres- 
sure. Sliding velocity, 3 mmlmin; load, 0.2 N; 
r w m  temperature. 
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I I  I1 llll1ll11l1l I I 
Sl iding 
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(a) Surface cracks, wear track, and arrangement of cross section. 
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End view 
(b) Lateral cross section K-X). 
Side view 
(c) Longitudinal cross section (Y-Y). 
Figure 10. - Schematic model of surface and subsurface cracking dur ing  sliding. P: cracks 
propagating perpendicular to the sliding direction. S: cracks propagating outward from 
the groove. L: cracks propagating parallel to the sliding direction in  t h e  groove. B: 
cracks generated and propagating in subsurface. 
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(a) Crack L in su bsurfac 
acks 
e. Load, 0.1 N. 
i* 
Y 
(b) Cracks L and S in subsurface. Load, 0.3 N. 
Figure 11. Scanning electron micrographs of grooves on {OOOI} sil icon carbide surfaces. Lateral cross section views of {IOiO} plane. 
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(a) Surface and secondary subsurface crack. Load, 0.3 N. 
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surface 1 
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SI id i ng 
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v ,-Groove I 
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{ 1 IZO} 
Cleaved cross 
section 
(b) Surface and secondary subsurface cracks. Load, 0.3 N. 
Figure 12. - Scanning electron micrographs of grooves on {OOOl} si l icon carbide surfaces. Longitudinal cross section of {11?0} plane. 
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-," .*) - ~ *  I 
direction k~ 
Sliding t '  
(a) After sl iding in (0001) direction. 
(b )  After sl iding i n  (11%) direction 
Figure 13. - Scanning electron micrographs of grooves on {lOiO} s i l icon carbide surfaces. 
Load, 0.2 N; in  oi l .  
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(a) After sl iding in  (0001) direction. 
(b)  After sliding in  (1070) direction. 
Figure 14. - Scanning electron micrographs of grooves on (11?0\ si l icon carbide surfaces 
Load, 0.2 N; i n  oil. 
- I 111 I I1 111111111 
Figure 15. - Scanning electron micrograph of groove on {lOTO] si l icon carbide surface. 
Load, 0.2 N; i n  oil. 
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